Effect of intracortical bone properties on the phase velocity and cut-off frequency of low-frequency guided wave modes (20-85 kHz).
. Recently, more as well as a reduced number of generated modes, which simplifies the signal analysis. In 89 addition, low-frequency guided wave modes tend to achieve greater penetration depths due 90 to the longer wavelengths as compared to high-frequency. As a consequence, the sensitivity 91 to variations in intracortical bone properties could be improved when using low-frequencies, 92 which is relevant to assess early stages of osteoporosis. Notwithstanding the remarkable 93 level of realism that has been introduced in simulations over the past few years, the physical 94 interaction between low-frequency guided waves and the cortical bone structure remains 95 unexplored because the cortical bone has i) a complex cross-sectional geometry and ii) a 96 heterogeneous distribution of material properties along the circumferential direction.
97
In a previous study by our group (Pereira et al., 2017) , the propagation of guided waves 98 in an irregular, multi-layer and heterogeneous bone cross-section modeled with anisotropic 99 and viscoelastic material properties was investigated. The effect of the intracortical bone 100 properties was then evaluated using the first arriving signal (FAS) velocity obtained from 101 only five receivers. However, due to the interaction between several modes around the toms that was done in order to verify the robustness and accuracy of the SAFE simulations. The dispersive response of a given mode excited from a point source in the out-of-plane 144 direction (radial direction r in Fig. 1 ) can be calculated in the time domain using the 145
where u(t) is the surface out-of-plane displacement for a given mode as a function of time t, 147 for an arbitrary propagation distance z 0 . The term H
(1) 0 is the zeroth-order Hankel function 148 of the first kind and F (ω) is the frequency spectrum of a force input signal u input (t). The 149 term k(ω) is the mode wavenumber, defined as a complex number by:
where the real part denotes the propagating term and the imaginary part denotes the at-151 tenuation associated with the wavenumber. The term E(ω) is the frequency-dependent 152 out-of-plane excitability of a given mode, and can be obtained with (Wilcox et al., 2005) :
where P z (ω) is the total power flow in the z-direction associated with the mode-shape as 
where u m (t) is the surface out-of-plane displacement associated with the m-th mode and n is 161 the total number of modes supported by the waveguide. The axial transmission configuration was modeled using the SAFE procedure described 
218
For each diagram, the phase velocity of the low-order mode (named V ph ) was measured 219 by taking the peak of energy at the central frequency of the excitation waveform, as shown 220 in the black square in Fig. 3b . Similarly, the cut-off frequency of the higher-order mode region was defined with different values for the transversally isotropic stiffness coefficients 247 and density (C 11 , C 13 , C 33 , C 44 , C 66 and ρ), as summarized in Table I properties along the radial direction is provided in the following section. 251 as complex numbers:
where the subscripts c=11, 13, 33, 44 and 66, and f corresponds to the frequency. The 254 real part of the stiffness constants is assumed to be independent of the frequency, while 255 the imaginary part results from the use of the linear theory of viscoelasticity, assuming 256 frequency-dependent losses in the waveguide. Because relevant data was lacking, the viscos-257 ity coefficients η 11 , η 13 , η 33 , η 44 and η 66 shown in Table 1 were defined based on the viscosity 
where the subscripts c=11, 13, 33, 44 and 66, η * c and C * c are respectively the viscosity and for the coefficient C 11 .
278
Two different physiopathological conditions, namely "Healthy" and "Osteoporotic", were 279 defined for the endosteal region (between d*-e* and d-e in Fig. 4, respectively) . The are not easy to define due to the multi-scale nature of bone and its dependence on the 293 microstructure at smaller scales. However, such discrepancies tend to be minimized by us-294 ing low-frequency excitation associated with long wavelengths of the excited modes. Table   295 I shows a summary of the "Healthy" and "Osteoporotic" elastic coefficients and densities 296 used to defined the aforementioned scenarios. to be observed by a receiver when an emitter at position "A" applies a load in the radial 303 direction (see Fig. 2 ). The curves show the modal excitability of five modes with similar 304 velocities (m=1, m=2, m=3, m=4, and m=5, marked with a solid line ellipse in Fig. 3 ).
305
A notable difference in the modal excitability can be observed between each configuration, 306 which is expected for non-symmetric waveguides such as the bone geometry modeled in 307 this study. For practical applications, a position that can mainly excite a single mode is 308 preferable in order to avoid interferences from other modes.
309
The modes m=1, m=2, m=3, m=4, and m=5 all present flexural-like mode shapes. For 310 instance, Fig. 6a and 6b show the out-of-plane component of the fundamental flexural 311 tube mode F(1,1) and mode shape of m=1 respectively. Despite the similarities between 312 the displacement fields and the mode order, a direct association to the mode shape of 313 tubular waveguides is not possible due to the non-symmetric nature of the waveguide and 314 its arbitrary geometry 315
The modes m=1, m=2, and m=3 all show an excitability 10 dB higher than the other 316 modes, as shown in the highlighted regions in Fig. 3a, 3c, and 3h , respectively. Furthermore, 317 according to Figure 7 , the modes m=1, m=2, and m=3 have a higher percentage of the total indicates that they are likely to be sensitive to changes in this region. Thus, the excitation 320 at position "A", "C" and "H" were chosen as the most suitable positions to excite a dominant 321 mode; they were therefore further investigated in this paper. Since the attenuation of the 322 modes is expected to be small at very low frequencies (<100 kHz), it was not taken into Table II shows the percentage variation in the phase velocity (V ph ) and cut-off frequency Out-of-plane displacement field (radial direction r in Fig. 1 ) at 40 kHz for: a) fundamental flexural mode F(1,1) on a tubular geometry waveguide and b) mode m=1 on a bone-like geometry waveguide.
("Healthy" and "Osteoporotic"). The simulations were performed using input waveforms 329 centered at different frequencies between 20-85 kHz. This choice was made in order to cover 330 a frequency range that has the potential to excite separately one of the five modes with 331 similar velocities on the excitability curves in Fig. 5 . Third cut-off frequency (70 kHz) 5.45 6.99 5.38 *The variations were calculated based on the difference computed between the "Healthy" and the "Osteoporotic" condition.
332
The sensitivity of phase velocity (V ph ) was strongly affected by the excitation position.
333
The highest sensitivity was achieved at position "A", for all frequencies. On the other hand, 
344
This explains the higher sensitivity obtained for the excitation performed at position "A", 345 in which the mode m=1 excitability is 15 dB higher than the other modes (see Fig. 5a ) 346
Effect of stiffness coefficients and density
347 Table III shows the percentage variation computed for the V ph and F cut−of f for each 348 viscoelastic coefficient and density separately. The condition varied from "Healthy" to the 349 "Osteoporotic". The excitation was performed at position "A" using central frequencies 350 ranging between 20-85 kHz.
351
The sensitivity of V ph showed a positive variation associated with coefficients C 11 , C 33 ,
352
C 44 , C 66 , while a negative variation was associated with the coefficient C 13 and the density. parameters taken together (identified as "Overall" in Table III Power flow in the endosteal region normalized by the total power flow for modes m=1, m=2, m=3, m=4, and m=5 from 20 kHz to 100 kHz. mode m=1 seen in Fig. 7 at frequencies below 45kHz. In addition, it may be related to the 358 reduction in excitability seen in mode m=1 at lower frequencies (see the excitability curves 359 in Fig. 5a ), which may increase the interference from other modes, and consequently, reduce 360 the sensitivity. For the sensitivity of F cut−of f , a positive variation associated with the coefficient C 66 was 362 observed, accounting for almost 100% of the "Overall" variation. Such a dependence could 363 be used to assess the status of coefficient C 66 separately.
364
In this paper, the SAFE method was used to simulate the propagation of guided waves
